Introduction
cell wall and forming an infection thread which The development of legume root nodules reflects the genetic, structural, and physiological complexities of an intimate syn~biotic relationship between prokaryotic bacteria and the eukaryotic angiosperm partner. In the garden pea, Piswlz srrtiuwn L., the bacteria invade a root hair by causing an invagination of the soot hair subsequently grows -between and into cortical cells (Bond 1945; Libbenga and Harkes 1973) . Nuclei of the cortical cells ~~n d e r g o endored~~plication and mitosis; event~~ally a polyploicl nodule meristem is formed (Dart 1975) . Tlle meristem, which is itself not infected with rhizobia, gives rise by continued cell division to most of the cells of the nodule. Cells immediately proximal to and sometimes within the nodule NOTE: The French translation of the abstract was provided by Jean Blisson. meristem are invaded by infectio~l threads and 'Portions of this paper were presented at the Northbacteria are released from the infection threads eastern Sectional Meeting of the American Society of into the pea cell cytoplasm. Cells containing the Plant Physiologists held at Brown University, Providence, free bacteria elllar,oc manyfold alld differentiate RhOde Island, 9-10? 1975, and of Saskatchewan, Saskatoon, August 18-22, 1975. atmospheric nitrogen (Newcomb 1976 (11. 1974) while high levels of zeatln and its riboside were found in nodules of Vicbi(l .fi11)~ L. (Henson and Whceler 1976) . In uninfected seedling pea roots, cytokinins occur both in the free form and in transfer ribonucleic acid ( R N A ) in the tcrminal ~neristematic millimetre ( S l~o r t and Torrey 197217). T h e experiments reported in this paper were designed t o elucidate thc role 01' cytokinins in nodule development. Stri~ctural aspects of pea nodule morphogenesis are described briefly in this paper; a detailed account of the morphology and ultrastructure of pea nodules harvested from the same plants as nodules studied in this paper may be found in a c o m p a n i o~~ paper (Newcomb 1976 ). ancl the techniq~~cs of cytokinin extraction, fractionation, chromatography, and bioassay may be found in a n carlicr paper (Syolio and Torrey 1976) . Ccll nilrnbct. determinations wcre made by macerating tlic nodule tissue in 5% chromium trioxide in 57; hydrochloric acid (Foskct and Torrcy 1969) . Cclls illfectetl with large rii~mbers of rhizobia ti~rned brown d u r~n g this trcatmerit and werc vcry distinct from the othcr cells of the nodule. Mitotic divisions were counted in tissucs fixed in acetic alcohol (glacial acetic acid -absolute alcohol 1 :3, v/v), sqi~ashetl, and stained by the Fei~lgen techniclile (Fosket antl Torrey 1969) . For each devclopmcntal stage at lcast 2000 n~~c l e i wcrc counted in scven o r more nodulcs: these data wcre expressed as mitotic indices, i.e., the percentage of n~~c l e i ~~~i d e r g o i n g mitosis.
Materials and Methods
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The average fresh weight of shoots and roots was dctermined i sing 10 plants for each developmental stagc. Similarly, the average fruit antl flower Icngth reprcselits the averagc length of thcse organs from 10 plants. A minimum of 100 nodules for each stage was measi~red using a dissecting niicroscope to dctcrminc the average nodule tlianieter and lieigh~ (distance from junction with lateral root or apical tip of nodule). At least 5000 ~ioduies were ~~s e d for the estimation of avcragc fresh wcight for each stage of the nodule.
il'il~.o,:e~~ F i s n / i o /~ A c / i i ; i l j~
Acetylene reduction to ethylene was used to measure nitrogen fixation activity. About 100 nig frcsh weight of freshly harvestctl nodules was incubated in I"j, acetylene and 1 0 x air in argon in a 5-ml vial at room temperature. Aftcr an incubation pcriod of about 1 h, a 0.5-1111 sample was withdrawn for gas chroniatogmphy with a Varian aerograph, scrics 1400, with a stainless-stcel column A in.
inside d i a m e~e r by 6 ft long, packed with Poropak NC(800/100 mesh). C o l u n~n temperatures werc kept a t 32 "C. H e l i~~m gas was ~lsed as the carricr at a llow rate of 30 ml/min at 40 Ibjin.' pressilre. Undcr these conditions, the retention time of acctylcnc and ethylene were 7.6 and 3.8 min respectively. Ethylene generated from the reduction of acetylene by nodules was estimated by a coniparison with known concentrations of ethylene.
Results
Mo1pl1oge17esis
T h e first macroscopically visible nodules appeared o n lateral roots on the 8th day after inoculation; a t this stage the nodules were white and spherical in shape. A11 increase in nodule diameter coincided with the development of a pink-coloured zone proximal t o the white tissue already present. T h e pink tissue, which consisted of cells infected with rhizobia and containing t h e red pigment leghemoglobin, was located in the central portion of the nodule. T h e pink tissue was enveloped by white tissue which consisted of the nodule meristem located a t the apical tip of the nodule and the nodule cortex, the outer layer o f tissues ( Fig. 1) . Just before fill1 blossom, 17 days after inoculation with Rhizo/~iunl, the pink, infected tissues increased in volume. Three weeks after inoci~lation a green area consisting of senescent cells in which the leghemoglobin was degraded began t o develop a t the base of the nodule near the junction of the lateral root. T h e senescent tissue increased in volume until a t 5 weeks it comprised milch of the nodule, which at this stage lacked a nodule meristem (Fig. 2) . T h e senescence of the nodule tissue coincided with a sharp increase in shoot fresh weight d u e largely t o growth of the fruits, which accounted f o r about 35-50"; of the total shoot fresh weight (Fig. 3, bottom) .
Nitrogel? Fisntio17 ill RcI(~tiol~ to N o r l r~l a t i o~~ For1l7ntio17
Nitrogen fixation activity, determined by the acetylene reduction assay, was detectable i n 2-week-old nodules, was highest in 3-week-old nodules, declined slial-ply in older nodules, and became negligible in 5-week-old nodules (Fig.  3) . T h e rate of nitrogen fixation followed a patCan. J. Bot. Downloaded from www.nrcresearchpress.com by HARVARD UNIVERSITY HERBARIA on 08/30/11 FIG. 1. Light micrograph montage of a 2-week-old pea nodule fixed in glutaraldehyde, postfixed in osmium tetroxide, embedded in Araldite, sectioned longitudinally at 1 micron (B), and stained with toluidine blue 0 . Further details are provided on this method in the con~panion paper (Newcomb 1976) . Shown are the nodule cortex, nodule lneristem (NM), the region of thread invasion and subsequent release of bacteria (TI), infected cells in the early phase of symbiotic growth (ES), infected cells in the late phase of syn~biotic growth (LS), uninfected cells (UI), vascular tissue (V), and the adjacent lateral tissue. The numbers with encircled areas refer to micrographs of higher magnification of the same areas in the companion paper. x 120. flower length (B), and fruit length ( a ) are compared at various times in the lower graph. incr., increase; prt., part; prts., parts. 5) rather than age. Many nodules formed two or more meristematic areas in their later development (Fig. 5 ) but were scored simply by height. Some nodules in stages I and I1 developed and then were arrested in their development, persisting at that size for most of the life of the plant. Most passed through a regular developmental pattern (Fig. 3) .
Nodule Development
Nodule growth involves a complex sequence of events including cell division of the meristematic cells, infection of many of the new derivatives of the meristem, and the subsequent enlargement and differentiation of the bacteria-containing cells which become capable of fixing molecular nitrogen. Average nodule volume (Fig. 6 ) increased a t a fairly constant rate from the 10th day until the 30th day and then leveled off. By the 5th week nodule enlargement had almost ceased. Nodule fresh weight increased rapidly between 10 and 21 days after inoculation but increased only slightly in older nodules (Fig. 6 ). This growth in fresh weight occurred during the most active period of increase of the pink, infected tissues while smaller increases occurred after senescence had begun.
The mitotic indices of 3-week-old nodules of various sizes were determined and compared with total nodule cell number of infected cells (Fig.  7) . The highest mitotic indices were observed in small (or young, possibly initiated later than the larger ones) stage I and stage I1 nodules, which coincided with the period of rapid increase in the total number of nodule cells. The number of infected (bacteroidal) cells increased at a lower rate than total cell number and only very slowly after stage V. Meristematic cells differentiate into nodule cortex, uninfected parenchymatous cells, and vascular tissues in addition to infected cells. 
Cytokinin Formation in Relation to Noclule De-
velopment Data for concentrations of total extractable cytokinins at different stages of nodule development are given in Fig. 6 and Fig. 7 . In Fig. 6 , cytokinin content shows an inverse relationship to changing nodule size measured either by volume or by fresh weight. Fourteen-day-old nodules showed the highest cytokinin content; nodules sampled at 35 days showed almost no extractable cytokinin.
Relotionsh~p between Nodule Growth and Cytokinin Content
Nodule Age (days) FIG. 6. Graph illustrating the relationships between nodule growth (volunle ( 0 ) and fresh weight ( 0 ) ) and cytokinin contents (pg per 100 g fresh weight of nodules) ( x ) between 10 and 35 days after inoculation. Cytokinin levels were measured in 3-week-old nodules that were separated on the basis of their diameters into three groups; stages I and 11, stages 111 and IV, and stages V to VII (Fig. 7) . The cytokinins of each group were extracted and estimated by means of the soybean callus bioassay. Highest cytokinin content was present in nodules of stages 111 and IV which exhibited a high mitotic index. A lower level of cytokinins was extracted from nodules of stages 111 to VII. The cytokinin content of nodules in stages I and I1 was low despite the high mitotic index of stage I1 nodules. This result may be due to dilution by the less mitotically active nodules of stage I and the presence of cortical tissues of the lateral root; it is technically difficult to separate the very small young nodules completely from the lateral root tissues.
Morphological Distribution of Cytokinins
Three-week-old nodules 1.5-2.0 mm in diaCan. J. Bot. Downloaded from www.nrcresearchpress.com by HARVARD UNIVERSITY HERBARIA on 08/30/11
For personal use only. Calculated from crude n-BuOH extract Fic. 8. meter and 2.0-3.0 mm in height and 4-week-old nodules 1.5-2.5 mm in diameter and 2.5-3.5 nlnl in height were separated into white, pinlc, and green tissues. Mitotic figures were observed in the tip regions in nodules of both ages but not in the proximal tissues. In 3-week-old nodules the highest levels of cytokinins were found in the white meristematic tissues (Fig. 8) ; moderately high cytokinin activities were also present in the pink and green tissues. There was 42 and 3 1 x of the activity present in the tip portion present in the pink and green tissues respectively in 3-week-old nodules. In 4-week-old nodules thc highest cytokinin activity was found in the white tip tissues while o~lly & of tlle activity was present in the pink and green tissues.
Inhibition St~idies
The observed decrease in extractable cytokinin activity in older ~lodules as detected by the soybean callus bioassay (Fig. 6 ) could be due either to a real decrease in cytokinin levels or to the presence of an inhibitor or conceivably a combination of both. T o test for the presence of inhibitors, 4-and 5-week-old nodules and 1-cm segments of lateral roots adjacent to the nodules were extracted with 1-butanol. All three butanol fractions were tested without further purification in the soybean callus bioassay in the presence or in the absence of 0.2 pgllitre zeatin. Extracts from 4-week-old nodules showed cytokinin activity, but none was detected in extracts from 5-week-old nodules or from lateral roots. No inhibitory activity was detectable in any of the extracts in the presence of added zeatin (Fig. 9) . These results demonstrate that tlle decrease in the cytokinin activity of extracts from 4-and 5-week-old nodules is due to reduced cytokinin concentrations and not to the presence of inhibitory substances. The lack of cytokinin activity in the tissues of the lateral root segments points out the contrast between young developing nodules (4 weeks old) as sites of cytokinins and mature root tissues. Discussion Numerous studies have demonstrated the requirement of exogenous cytokinins for cell proliferation in tissues cultured in vitro (Miller 1961) . The dependence of tobacco pith parenchyma cells upon a proper balance and concentration of auxin and cytokinin is well known (Das et 01. 1956 ). Exogenous cytokinins promote the formation of polyploid cells (Torrey 1961) and in fact are required for the mitotic activity of Can. J. Bot. Downloaded from www.nrcresearchpress.com by HARVARD UNIVERSITY HERBARIA on 08/30/11 alternative were the case, it could provide an explanation for the presence of cytokinins in the pink and green tissues of 3-week-old nodules and the lack of cytokinins in the same tissues of 4-week-old nodules. While it is conceivable that cytokinin export could occur faster than cytokinin synthesis, it seems an unlikely explanation for the decreased concentrations in older nodules. Breakdown of cytokinins and the export of the breakdown products seems more reasonable. It is suggested that the decreased cytokinin levels are responsible for the lower mitotic indices. The decreased rate of mitotic activity in the nodule meristem enables the infection process to proceed faster than the formation of derivatives from the meristem. As a result the meristematic cells become invaded by infection threads and differentiate into infected cells capable of fixing molecular nitrogen. Since these cells have a short life span, the whole nodule becomes senescent and nitrogen fixation soon ceases. Thus, it would seem advantageous to prolong the period of nitrogen fixation. One way might be by prolonging the meristematic activity of the nodule meristem. Since there is a correlation between cytokinin levels and meristematic activity, chemical modification of the plant or genetic selection might produce plants having a longer period of meristematic activity and hence a longer time of molecular nitrogen fixation.
